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The crystal structure of a reduced [NiFeSe] hydrogenase provides
an image of the activated catalytic center
E Garcin1, X Vernede1, EC Hatchikian2, A Volbeda1, M Frey1
and JC Fontecilla-Camps1*
Background: [NiFeSe] hydrogenases are metalloenzymes that catalyze the
reaction H2↔2H+ + 2e–. They are generally heterodimeric, contain three
iron–sulfur clusters in their small subunit and a nickel–iron-containing active site
in their large subunit that includes a selenocysteine (SeCys) ligand.
Results: We report here the X-ray structure at 2.15 Å resolution of the
periplasmic [NiFeSe] hydrogenase from Desulfomicrobium baculatum in its
reduced, active form. A comparison of active sites of the oxidized, as-prepared,
Desulfovibrio gigas and the reduced D. baculatum hydrogenases shows that in
the reduced enzyme the nickel–iron distance is 0.4 Å shorter than in the
oxidized enzyme. In addition, the putative oxo ligand, detected in the as-
prepared D. gigas enzyme, is absent from the D. baculatum hydrogenase. We
also observe higher-than-average temperature factors for both the active site
nickel–selenocysteine ligand and the neighboring Glu18 residue, suggesting
that both these moieties are involved in proton transfer between the active site
and the molecular surface. Other differences between [NiFeSe] and [NiFe]
hydrogenases are the presence of a third [4Fe4S] cluster replacing the
[3Fe4S] cluster found in the D. gigas enzyme, and a putative iron center that
substitutes the magnesium ion that has already been described at the
C terminus of the large subunit of two [NiFe] hydrogenases.
Conclusions: The heterolytic cleavage of molecular hydrogen seems to be
mediated by the nickel center and the selenocysteine residue. Beside modifying
the catalytic properties of the enzyme, the selenium ligand might protect the
nickel atom from oxidation. We conclude that the putative oxo ligand is a
signature of inactive ‘unready’ [NiFe] hydrogenases.
Introduction
Hydrogenases are fundamental enzymes for hydrogen
metabolism in a great variety of prokaryotic and eukary-
otic microorganisms [1]. These enzymes, which catalyze
either the consumption or the production of molecular
hydrogen, can be divided into two major classes as a func-
tion of their metal content: the iron-only ([Fe]) and the
nickel–iron ([NiFe]) hydrogenases [2–4]. The active site
of the latter has been described in the Desulfovibrio gigas
enzyme as a binuclear center [5] containing one nickel
atom and one iron atom [6]. The nickel ion is coordinated
by four cysteine residues, two of which also bind to the
iron ion. In addition, the iron center is bound by three
non-protein diatomic ligands that have been recently
identified as one CO and two CN– moieties [7]. The
[NiFeSe] hydrogenases, which are widely distributed
among sulfate-reducing bacteria [8–10], belong to a sub-
group of the [NiFe] class and contain equivalent amounts
of nickel and selenium [10,11]. These enzymes are either
periplasmic [9] or associated with the cytoplasmic mem-
brane [12]. Furthermore, the existence of distinct
[NiFeSe] hydrogenases located in different cellular com-
partments of a single species of the sulfate reducer Desul-
fomicrobium baculatum (DSM 1743) has been reported [10].
The periplasmic [NiFeSe] hydrogenase from D. baculatum
is a heterodimer comprising a small and a large subunit of
26 kDa and 49 kDa, respectively [10]. Despite the
reported high content of iron (up to 14 atoms per mol-
ecule), Mössbauer and electron paramagnetic resonance
(EPR) experiments suggested the presence of only two
[4Fe4S] clusters in the D. baculatum enzyme; this enzyme
lacked a [3Fe4S] cluster [13].
In the gene encoding the C-terminal region of the large
subunit of D. baculatum hydrogenase, the TGC codon cor-
responding to one of the cysteine ligands of the active site
in the D. gigas enzyme is substituted by TGA, which is
normally a stop codon [3]. In this case, however, TGA
codes for a selenocysteine (SeCys) residue. A complex
system — including a seryl-tRNA complementary to the
stop codon, enzymes catalyzing the conversion of the
seryl-tRNA into a selenocysteinyl-tRNA, elongation
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factors, other unknown proteins and a particular three-
dimensional conformation of the mRNA — is necessary
for the cotranslational incorporation of a SeCys instead of a
cysteine [14,15].
EPR studies on the 77Se-enriched reduced protein from
D. baculatum have shown a significant broadening of the
nickel signal, thus suggesting that the selenium is a
ligand to the nickel [11]. A similar conclusion has been
reached, in parallel, using X-ray absorption spectroscopic
studies (XAS) at both the nickel and selenium edges [16];
this gave a nickel-to-selenium distance of 2.44 Å. The
presence of a SeCys residue coordinated to a nickel ion in
the active site seems to modify the reactivity of the
enzyme: generally, [NiFe] hydrogenases exhibit a
H2/HD ratio equal or less than 0.5 in the hydrogen–deu-
terium exchange reaction, whereas a ratio greater than 1.0
is observed for many of the [NiFeSe] enzymes [10]. This
does not seem to be a general rule, however, as a H2/HD
ratio greater than 1.0 has also been reported for the
[NiFe] hydrogenase-like sensor protein from Rhodobacter
capsulatus [17]. As opposed to the oxidized [NiFe]
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Figure 1
Sequence comparison of the D. baculatum
(upper line) and D. gigas (lower line)
hydrogenases. The alignment of the amino
acid sequences was done with the program
CLUSTALW [47]. The ligands for the three
iron–sulfur clusters in D. baculatum are
labeled below the sequence with numbers 1,
3 and 2, for the distal, proximal and medial
[4Fe4S] clusters, respectively. In the large
subunit, the cysteine residues coordinating
the active site are labeled with a triangle. The
selenocysteine is highlighted by an asterisk.
(The residue numbering used in this figure
and throughout the text corresponds to the
CLUSTALW alignment and not to the
numbering published previously [3]).
enzyme, which displays characteristic Ni-A (‘unready’)
and Ni-B (‘ready’) signals possibly attributable to Ni(III)
species, the as-prepared periplasmic enzyme from D. bac-
ulatum is almost completely nickel-EPR silent [10]. Upon
reduction with either hydrogen or sodium dithionite, a
rhombic EPR nickel signal is observed (with g values at
2.22, 2.17 and 2.00) that resembles the Ni-C signal from
the D. gigas hydrogenase (with g values at 2.19, 2.14 and
2.02). Further reduction results in another EPR-silent
form called Ni-R. This suggests that the active sites of
the two enzymes experience similar redox changes
during catalysis and, consequently, they are likely to
have similar structures and share the same, or a very
similar, reaction mechanism.
Here, we present the X-ray structure of the periplasmic
D. baculatum [NiFeSe] hydrogenase solved to 2.15 Å reso-
lution by the molecular replacement method. The crystals
used in this analysis were grown anaerobically in a glove-
box, from a hydrogen-treated protein solution, and conse-
quently the structure provides the first image of the active
site of a nickel–iron hydrogenase in a reduced active form.
We give a detailed comparison of this site with the active
site of the inactive, oxidized, aerobically-prepared hydro-
genase from D. gigas. In addition, we provide conclusive
evidence for the existence of a third [4Fe4S] cluster in the
small subunit and a new transition metal ion bound to the
C-terminal end of the large subunit.
Results
The final model contains residues 5S to 282S excepting
residues 93S to 95S (small subunit) and residues 7L to
493L (large subunit). The model has 89.4% of its non-
glycine residues located in the most favored regions of the
Ramachandran plot, as determined using the program
PROCHECK [18,19], with only two alanine residues
found in disallowed regions. The structure has an overall
geometric quality or g factor of 0.26, as determined by
PROCHECK, which is significantly better than expected
for a typical average structure refined at 2.15 Å resolution.
The root mean squared (rms) error on the atomic coordi-
nates, as determined by a Luzzati plot, is 0.23 Å [20].
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Figure 2
Structural comparison of the D. gigas and
D. baculatum hydrogenases. (a) Comparison
of the D. gigas (left) and D. baculatum (right)
hydrogenases. The N-terminal and C-terminal
ends of small and large subunits are indicated
with Ns, Cs, Nl and Cl, respectively. The three
[4Fe4S] clusters in the small subunit and the
dinuclear active site in the large subunit are
shown as CPK models. (b) A close-up
stereoscopic view of the superposition of the
nickel–iron active sites. The atoms are colored
according to their nature and bonds between
atoms are colored in cyan or magenta for
D. baculatum and D. gigas hydrogenase,
respectively. The ‘O?’ label indicates the
bridging ligand in the D. gigas enzyme
assigned to a putative oxo species [6]. This
figure was made using MOLSCRIPT [48] and
Raster3D [49].
Comparison of [NiFe] and [NiFeSe] hydrogenases
As shown in Figure 2a, the overall structure of the D. bacu-
latum [NiFeSe] hydrogenase is very similar to that of the
D. gigas enzyme: the small subunit contains one flavo-
doxin-like domain and a less well-structured region that
coordinates two of the iron–sulfur clusters. The large
subunit is composed of five structural domains [5], and
contains the active site that is composed of a binuclear
nickel–iron center [6]. A superposition of the Cα back-
bones of D. gigas and D. baculatum hydrogenases using the
program SUPPOS [21] gives an rms deviation of 1.1 Å for
434 residues located in regions of high amino acid
sequence homology (Figure 1 and 2a). Most differences are
restricted to some external loops of different lengths  that
display low sequence homology. A more limited superposi-
tion (Figure 2b) including only residues found within a 7.Å
diameter sphere around the two metals of the active site
gave an rms deviation of 0.6 Å for all 138 atoms compared.
In the active site, the positions of the four chalcogenide
(either sulfur or selenium) ligands are very similar. The
two metal centers, however, are separated by 2.5 Å in D.
baculatum hydrogenase as opposed to a distance of about
2.9 Å in the D. gigas enzyme [6]. The three ‘special’
diatomic ligands already identified in the latter enzyme as
one CO and two CN–s [7] are also present in the D. bacula-
tum [NiFeSe] hydrogenase (Figure 2b).
A third [4Fe4S] cluster in the small subunit
The D. baculatum [NiFeSe] hydrogenase has been
reported to contain 14 iron atoms but only two [4Fe4S]
and no [3Fe4S] clusters [13] have been identified by spec-
troscopic means. In order to determine unambiguously
the number and composition of the iron–sulphur clusters
in the protein, an anomalous difference electron-density
map was calculated between 8.00 and 2.15 Å resolution,
using 90°-shifted phases from the refined structure at
2.15 Å resolution, with all the metal centers omitted from
the phase calculations. The map clearly shows the pres-
ence of 12 iron atoms distributed among three [4Fe4S]
clusters in the small subunit (Figures 3 and 4). The new
cluster (what we term ‘medial’) displays four peaks very
similar to those found for the other two [4Fe4S] clusters
and is topologically equivalent to the [3Fe4S] cluster in
the D. gigas enzyme.
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Figure 3
Anomalous difference map. The map is contoured at the 5σ level. Data
between 8.0 and 2.15 Å resolution (λ = 0.98 Å) were used. Phases
were calculated from the final model with metal sites omitted. The large
and small subunits are colored in magenta and cyan, respectively. The
map shows the presence of three [4Fe4S] clusters, as indicated by
the four well-resolved peaks for each cluster. The clusters are labeled
[4Fe4S] d, m and p for distal, medial and proximal, respectively. In the
large subunit, the two well-resolved peaks present at the active site
have been labeled [Ni-Fe]. An additional peak, labeled ‘Y?’, is present
near the C terminus of the large subunit. This figure was made using
the program O [45].
Figure 4
The Y atom of the large subunit. A close-up view on the Y atom in the
large subunit showing its octahedral coordination. The 2mFo–DFc map
contoured at the 1σ level is represented in cyan. The anomalous
difference map, colored in green, is contoured at the 5σ level. This
figure was made using the program O [45]. The water molecules are
labeled ‘Wat’.
The selenocysteine ligand in the active site
Data collected from another crystal form, at λ = 0.95 Å, on
the high energy side of the selenium absorption edge, pro-
duced an anomalous difference map, using 90°-shifted
phases from the refined model, which indicated the pres-
ence of a single peak above 4σ. This peak was located in
the active site at a position equivalent to the Sγ of
Cys530L in D. gigas hydrogenase (data not shown). This
result confirms other experimental observations concern-
ing the presence of SeCys487L in the active site [11,16].
The distance between the selenium atom and the nickel
atom in the current refined 2.15 Å resolution model is
2.46 Å, in excellent agreement with XAS-studies [16].
Furthermore, the structure of D. baculatum hydrogenase
shows that the selenium atom has a temperature factor of
35.8 Å2 as compared with a mean value of 14.7 Å2 for the
other atoms of the active site. The Oε1 and Oε2 atoms of
Glu18L of the large subunit, with Oε1 at hydrogen-
bonding distance from the selenium atom, have also sig-
nificantly higher-than-average temperature factors of 23.3
Å2 and 22.3 Å2, respectively (Figure 5a).
The metal center at the large subunit C terminus
The anomalous difference map used to determine the
number of iron–sulfur clusters in the small subunit of D.
baculatum hydrogenase also contained a strong peak close
to the C terminus of the large subunit in a location corre-
sponding to the position of the putative magnesium ion
reported in the D. gigas and D. vulgaris Miyazaki enzymes
(labelled ‘Y?’ in Figure 3). In these [NiFe] hydrogenases,
the buried C terminus of the large subunit is at least par-
tially stabilized by the putative magnesium ion [22,23].
This ion might also be involved in the maturation of the
protein, which requires the cleavage of a 15 amino acid
peptide after the C-terminal histidine of the D. gigas
enzyme [5,24]. Given the extent of the anomalous scatter-
ing component at λ = 0.98 Å, plausible candidates for this
unidentified atom are manganese, iron, cobalt, nickel,
copper and zinc. Anomalous dispersion double difference
electron-density maps from data collected at either side of
the zinc and manganese absorption edges were feature-
less, ruling out the presence of either of these ions in the
[NiFeSe] hydrogenase. Subsequently, a metal content
analysis carried out on the D. baculatum enzyme using the
inductively coupled plasma emission technique indicated
the presence of 13.8 iron, 1.0 nickel and only traces of
magnesium, cobalt, copper, manganese and zinc. Conse-
quently, the new anomalous scatterer located at the C ter-
minus has been modeled as an iron center.
Discussion
Although the amino acid sequence identity between the
[NiFeSe] hydrogenase from D. baculatum and D. gigas
hydrogenase is only 36% [3], all the ligands of the clusters
that are present in the small subunit of the latter, that is
ten cysteine and one histidine residue, are conserved [5].
In addition, amino acid sequence comparisons carried out
using several [NiFe] enzymes, strongly suggested the
presence of three [4Fe4S] clusters in the D. baculatum
enzyme: in contrast to the D. gigas hydrogenase, which has
a proline residue facing the empty iron site of the [3Fe4S]
cluster, the D. baculatum enzyme has a cysteine residue at
that location. This residue is, in fact, the fourth ligand to
the medial [4Fe4S] cluster. Consequently, our results
indicate the presence of three [4Fe4S] clusters in the
small subunit of the D. baculatum [NiFeSe] hydrogenase. 
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Figure 5
The active site of the D. baculatum hydrogenase. (a) Stereoscopic
view of the D. baculatum hydrogenase active site colored as a function
of increasing B factors from blue to red (in the range 9.7 Å2 to
35.4 Å2). The SeCys487L and the Glu18L display larger B factors
than the other residues of the active site. The 2mFo–DFc map,
contoured at the 1σ level and calculated with the program SIGMA
[44], is depicted in violet. This figure was made using TURBO-FRODO
[42]. (b) Overall view of the active site with selected distances and
angles. The distances are in Ångströms and angles are represented in
parentheses. This figure was made with MOLSCRIPT [48].
The putative mononuclear iron site found at the C termi-
nus of the large subunit is coordinated by the imidazole
group of His493L, the carboxylate of Glu46L, the main-
chain carbonyl of Leu432L and three water molecules
(Figure 4). As these are all hard ligands, this ion is proba-
bly in a high-spin state. Some indications of a high-spin
iron atom have been provided by Mössbauer experiments
performed on the D. baculatum hydrogenase although the
detected signal was not stoichiometric [25]. In addition,
the novel putative iron center found in this work might
correspond to a redox center with a mid-point redox
potential of +150 mV found in Chromatium vinosum hydro-
genase [26]. The coordination environment of the new
iron site is identical to that of the magnesium site in
D. gigas and D. vulgaris Miyazaki hydrogenases.
The functional role of selenium as a ligand to the active-
site nickel center in some hydrogenases remains to be elu-
cidated. Selenium and sulfur have similar properties, and,
in some cases the former has been found to replace the
latter as a ligand for metallic centers: in proteins such as
glutathione peroxidase [27] and formate dehydrogenase
[28], selenium has been found to be a ligand of the active
site metal center as a selenocysteine and furthermore, to be
involved in redox reactions. The selenol group is more
acidic than thiol [14]: the pKa of the SeCys is 5.2 whereas
that of the cysteine thiol is 8.0 [28]. This implies that a
SeCys could more readily donate a proton to an acceptor in
its vicinity. In the proton–deuteron exchange reaction, the
H2/HD ratio is generally greater than 1.0 for the [NiFeSe]
hydrogenase (however, see above for the case of the R. cap-
sulatus hydrogenase-like sensor protein). This indicates
that the double exchange is favored, which in turn has led
to the proposition that the presence of the selenium in the
coordination sphere of the nickel ion could cause a puta-
tive nickel–hydride bond to become more labile [29].
As described above, the selenium ion and Glu18L residue
seem to be more crystallographically disordered than the
rest of the active site. One possible explanation for this
phenomenon is that both moieties are involved in the het-
erolytic cleavage reaction: the SeCys487L serving as a base
to bind the hydrogen ion with subsequent proton transfer
to Glu18L. The marked disorder of the SeCys–Glu couple
argues for a degree of heterogeneity in the proton transfer
process that is arrested by lack of redox partners in the
crystals. We suspect that in our reduced crystal either the
hydrogen ion switches back and forth between the two
proton binding species or there is a mixture of different
catalytic species, thus generating the observed crystallo-
graphic disorder. At any rate, our results argue for a
(Se)Cys-mediated heterolytical cleavage of molecular
hydrogen and proton transfer that is initiated via Glu18L.
The difference in active site nickel–iron distances and
Fe–C–(O,N) angles (Figure 5b) observed between
D. baculatum and D. gigas hydrogenases, is likely to arise
from the absence in the [NiFeSe] enzyme of the tightly
bound ligand that is found to bridge the two active-site
metals in the as-prepared [NiFe] hydrogenase from
D. gigas, which is mainly in the unready Ni-A state [6].
We believe that this ligand is either a hydroxo or an oxo
species because its electron density would not match a
dioxygen-species [6]. The presence of an oxygen-con-
taining ligand has been suggested by EPR experiments
on the related C. vinosum hydrogenase, oxidized with
17O2 to the Ni-A and Ni-B states, which has shown a
small line broadening of the nickel spectrum when com-
pared with the as-prepared 16O2 oxidized enzyme [30].
The absence of a bridging ligand in the [NiFeSe] D. bac-
ulatum hydrogenase can be either due to the fact that the
as-prepared protein was H2-reduced and crystallized in
the glove-box under 10% H2/90% N2, favoring the pres-
ence of the active forms Ni-C and Ni-R, or to the fact
that this enzyme is generally resistant to oxygen attack.
This interpretation is supported by the observation that
the as-prepared D. baculatum enzyme is EPR-silent (pre-
sumably in the Ni-SI form [31]), whereas the equivalent
D. gigas hydrogenase has a characteristic EPR-signal com-
posed of a mixture of Ni-A and Ni-B forms.
The resistance of the D. baculatum hydrogenase to oxida-
tion when exposed to air might be related to the influence
of the SeCys ligand on the properties of the nickel center.
In a recent publication, Boyington and coworkers [32]
have shown that in formate dehydrogenase H (FDHH)
from Escherichia coli, in which the active-site molybdenum
is coordinated by an axial SeCys, a molybdenum hydrox-
ide adduct is an intermediate species in the catalytic reac-
tion. Extended X-ray absorption fine structure studies of
the SeCys140→Cys140 mutant of FDHH have shown,
however, that the hydroxide ligand found in the wild-type
enzyme is replaced by an oxo ligand in the mutant [33].
Extrapolating from these results, it is reasonable to postu-
late that the presence of a SeCys ligand in the nickel coor-
dination sphere precludes the formation of the putative
bridging ligand observed in the oxidized form of the
D. gigas hydrogenase [6]. In the absence of the tightly
bound oxygenated ligand the two metal centers are 2.5 Å
from each other; a distance that is ideal for binding a
bridging hydride [34].
From the results presented here, we postulate that in the
structure of D. gigas hydrogenase the bridging putative oxo
ligand is the signature of the oxidized enzyme in the Ni-A
state. Upon reductive activation, a process that normally
takes four hours at room temperature for the Ni-A form of
the D. gigas enzyme [35], the tightly bound ligand is
removed and the active-site metal centers might move
closer together by about 0.4 Å. We believe that this rela-
tively minor structural change fully explains the activation
process. We propose, therefore, that the oxidized D. gigas
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[5,6] and the reduced D. baculatum structures are represen-
tative of unready and active enzymes, respectively.
In a recent report, Higuchi et al. [23] have suggested
that in D. vulgaris Miyazaki hydrogenase, the active site
has a bridging sulfur ligand and the iron center is coordi-
nated by one SO and two CO/CN– molecules. In that
structure the nickel–iron distance is reported to be
2.55 Å and is consequently closer to the situation in the
reduced D. baculatum enzyme than in the oxidized
D. gigas hydrogenase. This raises a question concerning
the redox state of the D. vulgaris Miyazaki hydrogenase
in the crystals. According to the authors [23], after
trypsin digestion this hydrogenase was purified under
strict anaerobiosis using argon, and the same gas was
used to flush the capillaries where the crystals were kept
during data collection. EPR experiments on crystals of
D. vulgaris Miyazaki hydrogenase have shown that they
contained about 70% Ni-B and about 30% Ni-A [36].
The shorter nickel–iron distance in this case might
therefore be due to the high proportion of the Ni-B form
present. As mentioned above, the Ni-B form is also
likely to contain an oxygen species in the vicinity of the
nickel center. This species, however, is probably either
hydroxo or aquo. The fact that the Ni-B form can be
easily activated would be consistent with the bridging
ligand being an easily removable species such as hydrox-
ide or water. The similar nickel–iron distances in hydro-
genases from D. vulgaris Miyazaki and D. baculatum are
also consistent with this view.
We find that any further comparison between the active
site of D. vulgaris Miyazaki hydrogenase and those of
either D. gigas or D. baculatum hydrogenase is hindered by
their apparent structural differences, which are possibly
due to different purification and isolation conditions. We
note that it is practically impossible, therefore, for the pro-
posed SO molecule and bridging sulfur atom to exist in
either D. gigas or D. baculatum hydrogenases given the
crystallographically determined temperature factors and
electron densities of the concerned moieties and the
absence of a detectable nickel–iron non-protein bridging
ligand in the latter, reduced, enzyme. A hydrogen sulfide
molecule buried inside the D. baculatum hydrogenase
(Figure 6), could potentially represent an alternative posi-
tion for the putative sulfur ligand found in
D. vulgaris Miyazaki hydrogenase. No corresponding
cavity, however, is found in the D. gigas enzyme that could
serve to bind hydrogen sulfide. Moreover, because the
hydrogen sulfide molecule is far away from the active site
(6.7 Å), it seems relatively unlikely that is could migrate
far enough to bridge the active-site nickel–iron center at
any stage of the activation process (Figure 6)
Biological implications
The selenium-containing hydrogenase from Desulfomi-
crobium baculatum belongs to a subgroup of the
nickel–iron hydrogenases. High-resolution models from
the latter have already been obtained in the inactive oxi-
dized state. The 2.15 Å resolution structure reported
here provides the first image of a reduced, functional,
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Figure 6
The environment of the putative hydrogen
sulfide molecule. Stereoview of the active site
and the hydrogen sulfide molecule. The
distance between the iron of the active site
and the assigned hydrogen sulfide molecule,
represented by a dotted line, is 6.7 Å. The
hydrogen sulfide molecule is coordinated by
residues Thr70L, Ala71L and Asn103L. This
figure was made using TURBO-FRODO [42].
active site. The overall architecture of the active site is
essentially the same as in D. gigas hydrogenase. The
tightly bound bridging putative oxo ligand found between
the nickel and iron atoms, however, is absent in the
D. baculatum enzyme. This observation provides a struc-
tural basis for the understanding of the activation
process. Our hypothesis is that in the oxidized form the
two metals are bridged by an oxo ligand, and that upon
hydrogen reduction this ligand is removed and the
nickel–iron distance shortens and becomes optimal for
hydride binding. In the D. vulgaris Miyazaki hydroge-
nase, which is most likely in the Ni-B state, the ligand is
probably less tightly bound and the nickel–iron distance
is similar to the one found in the reduced D. baculatum
hydrogenase. In the latter, SeCys487L and Glu18L
display significantly larger temperature factors than the
rest of the active site. We propose that these two residues
are involved in transferring the proton resulting from the
heterolytic cleavage of hydrogen towards the molecular
surface. Consequently, SeCys487L would play the role
of a base in the first step of the catalytic process.
The reason why cysteine is replaced by SeCys in some
hydrogenases is not fully understood. Because the
selenol group is more acidic than thiol it might alter the
proton transfer process. It also appears to modify the
properties of the nickel ion: on the one hand, it might
cause a putative nickel–hydride bond to become more
labile and, on the other, it protects the active site from
inactivation by oxygen. As opposed to its nickel–iron
counterparts, the as-prepared selenium-containing
hydrogenase can be readily activated under reductive
conditions and is not commonly observed in oxidized
states such as Ni-A and Ni-B.
We have also found that the putative magnesium ion
located at the C-terminal region of the D. gigas hydroge-
nase large subunit has been replaced by iron in D. bacu-
latum. Although the metal coordination is the same in
the two cases, the change from magnesium to iron
could have some functional implications in, for example,
the enzyme maturation process.
Materials and methods
Crystallization and data collection
The protein was aerobically purified using a similar protocol to the one
described previously [10]. A solution of the as-prepared protein was
reduced in a high-pressure cell under 10 bars of pure hydrogen for
over 2 h. Subsequently, the solution was allowed to equilibrate in a
glove-box under 10% hydrogen and 90% nitrogen. Crystallization
attempts were carried out using the sitting-drop method [37]. All the
solutions were bubbled with the glove-box atmosphere before setting
up the crystallization experiments, thus leading to a concentration of
less than 1 µM, as verified with an oxygen probe. Next 4 µl of a reser-
voir solution containing from 19 to 22% (w/v) polyethylene glycol
(PEG) 8000, 0.1 M sodium chloride and 0.1 M N-morpholino ethane
sulfonic acid (MES) buffer at pH varying from 6.2 to 6.5 were mixed on
a plastic support with an equal volume of a solution composed of
12 mg ml–1 of protein in 10 mM Tris buffer at pH 7.6 and 2.1 mM
N, N-dimethyldodecylamine-N-oxide (DDAO). Because after one month
phase separation was detected, the crystallization drops were trans-
ferred to wells containing 1 ml of reservoir solution with 3% (w/v) more
concentrated PEG 8000. Under these conditions, a single brown plate
of approximate dimensions 0.2 × 0.1 × 0.05 mm3 appeared after
six months in one of the crystallization drops containing 19% PEG at
pH 6.2. The crystal was retrieved from the drop using a home-made
cotton loop then flash-cooled in liquid propane in the glove-box and
stored in liquid nitrogen. X-ray data collection was carried out at the
BM02 beamline at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, with λ = 0.98 Å, under cryogenic conditions. The data col-
lected using a charge-coupled device detector device were processed
with the program XDS [38] and the CCP4 program suite [39]. The
crystal was orthorhombic, space group P212121 with a = 110.4 Å,
b = 63.7 Å and c = 99.6 Å. The cell contained one molecule per asym-
metric unit and about 37% solvent [40]. Data collection statistics are
shown in Table 1.
Structure determination
The structure of the [NiFeSe] hydrogenase from D. baculatum was
solved by the molecular replacement method using AMoRe [41], with
data between 10.0 and 4.0 Å resolution. In spite of the low amino acid
sequence identity between this protein and the [NiFe] hydrogenase
from D. gigas [3] the atomic coordinates of the 2.54 Å resolution
structure of the latter [6], with all the residues differing between the
two proteins truncated to alanine, were successfully used as a starting
rotation search model, and gave two well-contrasted peaks. The trans-
lation search, including the first peak from the rotation search, gave
only one well-contrasted solution with a correlation factor of 0.261
and an R factor of 0.497. After rigid-body refinement using AMoRe,
the correlation and R factors were 0.288 and 0.487, respectively.
Visualization of this solution using computer graphics with the
program TURBO–FRODO [42] indicated that the crystal packing was
plausible: the only bad contacts involved external loops that differ in
length between the two hydrogenases. Consequently, this solution
was considered to be correct.
Refinement
Initial positional and overall B-factor refinements were performed with
X-PLOR [43] resulting in an R factor of 0.345 and a free R factor of
0.542 for F values greater than 2σ between 8.0 and 2.5 Å. The calcu-
lated 2mFo–DFc and mFo–DFc electron-density maps [44] allowed the
rebuilding of several sidechains using the program O [45].
After several cycles of refinement — including B factor, positional and
torsion dynamics refinement between 8.0 and 2.15 Å resolution, and
manual rebuilding — the model was about 90% complete. The conven-
tional and free R factors were significantly improved to 0.320 and
0.409, respectively.
The next steps of refinement included a positional simulated-annealing
step that was started at 3000K. Cycling refinement and manual
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Table 1
Data statistics.
Space group P212121
Resolution range (Å) 20.0–2.15 (2.18–2.15)*
Wavelength (Å) 0.9800
Observations 201,153
Unique reflections 36,050
Rmerge† (%) 8.3 (20.2)*
Completeness (%) 93.0 (48.8)*
*Numbers in parentheses indicate Rmerge and completeness in the
highest resolution shell.
†Rmerge =Σ h|Ih – <I>| /ΣhIh, where Ih is the intensity of the reflection h,
and <I> is the mean intensity of all symmetry-related reflections.
rebuilding resulted in a model comprising 761 residues, the three
[4Fe4S] clusters of the small subunit, the nickel–iron active site with
the three diatomic non-protein ligands, an iron atom at the C terminus
of the large subunit, 300 water molecules and a putative hydrogen
sulfide molecule located in a buried hydrophobic pocket of the large
subunit. A four-residue surface loop in the small subunit could not be
built because of the absence of matching electron density. 
Final refinement was performed with several cycles of REFMAC [46]
and allowed the addition of two residues at the N-terminal end of the
large subunit and 19 additional water molecules. Four residues from a
disordered loop in the small subunit were deleted. The final refinement
statistics are presented in Table 2. 
Accession numbers
The atomic coordinates have been deposited in the protein data bank
with the accession code 1CC1.
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